C hronic renal failure (CRF) in childhood frequently results
from an identifiable renal disorder that evolves to endstage renal disease (ESRD) (1) . Experimental and clinical data have shown that Renin-Angiotensin System (RAS) is clearly involved in the pathogenesis of renal diseases (2, 3) . Acting on angiotensinergic type 1 (AT 1 ) receptors, Angiotensin (Ang) II induces progressive kidney injury via multiple mechanisms, including intraglomerular hypertension, sodium and water retention, stimulation of fibrogenic mediators, enhanced free radical formation, and contraction of mesangial cells (3, 4) . Moreover, clinical trials have demonstrated that RAS inhibitors, angiotensin-converting enzyme inhibitors (ACEi) and AT 1 receptor blockers reduce the rate of progression of CRF to ESRD (5, 6) .
The combination of physiologic and pharmacological approaches with molecular biology techniques has led to the identification of novel RAS components: Ang III, Ang IV and Ang-(1-7) (7, 8, 9) ; the Ang IV binding site insulin-regulated aminopeptidase (10); angiotensin-converting enzyme 2 (ACE2), an homologue of the "classic" angiotensin-converting enzyme (ACE) (11, 12, 13) ; and the Ang-(1-7) G protein-coupled receptor Mas (14) . Among the novel RAS metabolites, Ang-(1-7) is particularly interesting. This heptapeptide is functionally linked to mechanisms that intrinsically regulate the function of the RAS (7, 8, 9, 15) . Ang-(1-7) is formed from Ang II by prolylendopeptidase, prolyl-carboxipeptidase or ACE2 (11, 12, 13) or directly from Ang I through hydrolysis by prolylendopeptidase and endopeptidase24.11 and metabolized by ACE to Ang-(1-5) (7, 9) . ACEi elevate Ang-(1-7) concentrations (16) by both increasing Ang I, the substrate for Ang-(1-7), as well as by preventing Ang-(1-7) degradation. Ang-(1-7) opposes the vascular and proliferative effects of Ang II and exerts complex renal actions (7, 8, 9, 15) . Recent studies suggest that, at least in part, the beneficial effects of ACEi in heart and kidney diseases may be attributed to Ang-(1-7) (17) .
Despite considerable experimental evidence regarding the role of Ang-(1-7) in cardiovascular and renal function (15) , few data are available on humans. We have recently shown a selective increase of Ang-(1-7) in childhood essential hypertension, suggesting an imbalance of the vascular and/or renal turnover of this peptide (18) . We have extended our previous study (18) by measuring plasma renin activity (PRA), Ang I, Ang II and Ang-(1-7) levels in pediatric subjects with different forms and stages of CRF to evaluate possible changes in the RAS profile. We divided the subjects into two groups according to chronic use or nonuse of ACEi to verify the effect of treatment on the circulating RAS profile.
SUBJECTS AND METHODS
The present cross-sectional study used a convenience sample recruited from either the Pediatric Nephrology Unit or the Pediatric Primary Care Center of our institution.
Inclusion criteria. Subjects with CRF included only nondialysis pediatric subjects with an estimated GFR of Ͻ60 mL/min/1.73 m 2 as calculated by the Schwartz formula (19) . The etiology of the kidney disease was established in all subjects. Subjects were divided regarding the presence or absence of arterial hypertension: hypertensive CRF, if both systolic and diastolic blood pressure were above the 95 th percentile for age, sex and height on at least three different occasions (20) ; and normotensive CRF, if systolic and diastolic blood pressure remained below the 90 th percentile for age, sex and height (20) . The CRF group was treated only with conservative measures for the management of renal insufficiency, in which continuous clinical and laboratorial evaluation, nutritional support, water and electrolytes adjustments, vitamin, iron and alkali supplementation and blood pressure control are generally included when appropriate (20, 21) .
ESRD was defined as a pronounced reduction of GFR (Ͻ10 mL/min/1.73 m 2 ) for which renal replacement therapy was absolutely necessary. ESRD subjects were followed-up at the hemodialysis service of our institution.
The control group consisted of normotensive healthy age-matched subjects from our Pediatric Primary Care Center. Health status was determined through the subjects' medical history and either a parental report or self-report to rule out the presence of chronic or acute diseases. All subjects were submitted to a complete physical examination, blood measurements of urea and creatinine and an estimation of the GFR (GFR) using the Schwartz formula (19) . Blood pressure was measured and classified according to Task Force recommendations (20) . Only subjects with both systolic and diastolic pressure below the 90 th percentile according to age, sex and height were included. Urea and creatinine levels of the selected subjects were also within the normal range.
Exclusion criteria. Subjects without an identifiable renal disease were not included in the present study. Noncompliance to conservative treatment or hemodialysis program recommendations also excluded the subjects from the research protocol. Blood collection was suspended if the subject presented acute metabolic and/or hemodynamic disarrangements, such as hyperkalemia, acidosis, pulmonary edema or excessive interdialytic weight gain. Comorbidities such as diabetes, cardiac, pulmonary and neurologic diseases automatically excluded subjects.
Ethical aspects. The Ethics Committee of the Federal University of Minas Gerais approved the study. Informed consent was obtained from all included subjects and their parents. The research protocol did not interfere with any medical recommendations or prescriptions. Subject follow-up was guaranteed even in cases of refusal to participate in the study.
Study protocol. Blood sampling: Blood samples for PRA and plasma Ang measurements were obtained from healthy subjects, CRF (hypertensive and normotensive) and ESRD subjects on a single occasion, taking into account the inclusion and exclusion criteria for each group. Due to ethical reasons, no changes to the conservative CRF approach or dialysis prescriptions were made for study purposes. Blood samples were collected through peripheral venipuncture during the morning after a fasting period of 6 h. All subjects rested in supine position for at least 15 min before blood pressure measurements and blood sampling. In hypertensive CRF subjects, these procedures were performed before the daily dosage of antihypertensive medications and, in ESRD subjects, procedures were performed just before the hemodyalisis session. Samples were withdrawn into two different sets of ice-cooled tubes, one containing 7.5% EDTA (100L/mL of blood) for PRA determinations and the other containing a cocktail of protease inhibitors (18) for Ang measurements (50 L/mL of blood). Blood samples were centrifuged at 2000g for 20 min at 4°C, and plasma was stored at -20°C (18) .
Plasma extraction: Plasma samples were extracted using phenyl Bond-Elut cartridges (Analytichem International, Harbor City, CA), as previously described (18) . The recovery of 125 I-labeled Ang I, Ang II, and Ang-(1-7) was 79.2 Ϯ 2.3, 86.9 Ϯ 0.8 and 83.5 Ϯ 0.9%, respectively.
Radioimmunoassays: PRA and the concentration of Ang I, Ang II and Ang-(1-7) were determined through radioimmunoassays, as previously described (18) . Results were expressed as nanograms of Ang I generated per mL of plasma per hour (ngAngI/mL/h) for PRA and pg/mL of plasma for Ang measurements.
Statistical analysis. Results were reported as mean Ϯ SD. Analysis of variance, followed by the Newman-Keuls test, was used for the comparison of mean values between the four selected groups. Comparisons between percentages of categorical variables were made by 2 test. Hypertensive subjects were also divided according to chronic use or nonuse of ACEi. The unpaired Student t-test was used to compare PRA and Ang measurements in these groups. The level of significance was set at p Ͻ 0.05.
RESULTS

Subject characteristics and casual measurements.
Normotensive healthy subjects (n ϭ 32) included 18 boys and 14 girls from 3.1-16.7 y. All children in this group had both systolic and diastolic pressure below the 90 th percentile (20) . No medical or family history of renal disease or hypertension was detected. The mean values of urea and creatinine and the estimation of the GFR (19) were within the normal range (Table 1) .
CRF subjects (n ϭ 57) were divided into 23 subjects without hypertension (normotensive CRF) and 34 with hypertension (hypertensive CRF). Normotensive CRF subjects included 13 boys and 10 girls from 2.2-17.9 y, with both systolic and diastolic blood pressure within the 20 th and 90 th percentiles. They also presented a significant elevation of urea and creatinine levels, with a corresponding reduction of the GFR (Table 1) . The causes of CRF in these subjects were uropathies (65.2%), glomerulopathies (17.4%), cystic renal diseases (13.1%), and tubulopathies (4.3%). Renal dysfunction in the subjects was treated Subjects with ESRD (n ϭ 21) included 11 boys and 10 girls from 5.9 -16.8 y. All children had a marked elevation of urea and creatinine levels and a critical decrease of the estimated GFR (Table 1 ). All were submitted to hemodialysis and the majority was hypertensive (85.7%). However, three subjects had both systolic and diastolic pressure within the normal range. Antihypertensive drugs were prescribed to the remaining 18 subjects, consisting of CCB plus ACEi (12 subjects), CCB plus loop diuretics (2 subjects) and CCB alone (4 subjects). AT 1 antagonists were not used in hypertensive CRF and ESRD subjects.
Despite the same level of renal dysfunction, the causes of CRF differed significantly between normotensive and hypertensive subjects. Glomerular diseases were the most prevalent cause of hypertensive CRF (44.2% vs. 17.4% in normotensive CRF subjects; 2 ϭ 4.41, p Ͻ 0.05). In contrast, uropathies accounted for a significantly greater proportion of normotensive CRF subjects than hypertensive CRF subjects (65.2% vs. 17.6%; 2 ϭ 13.34, p Ͻ 0.05). RAS profile in healthy subjects, CRF, and ESRD subjects. As shown in Table 1 , no statistical differences were detected through the comparison of RAS measurements obtained respectively from normotensive CRF subjects and healthy subjects. Hypertensive CRF subjects exhibited a significant elevation of PRA, Ang I, Ang II and Ang-(1-7) when compared with normotensive CRF subjects or healthy subjects (p Ͻ 0.05 for all comparisons, Fig. 1) .
Plasma Ang-(1-7) levels were markedly elevated in ESRD subjects (p Ͻ 0.01 when compared with healthy subjects, normotensive and hypertensive CRF, Fig. 1 ). In contrast, Ang II levels did not differ from hypertensive CRF subjects, although they were significantly elevated in comparison to control group and normotensive CRF ( Table 1) . In ESRD subjects, as with Ang-(1-7), Ang I levels were significantly higher than in all other groups (Fig. 1) . Table 1 shows that the mean levels of PRA in ESRD subjects were significantly higher than control values and normotensive CRF subjects, but lower than hypertensive CRF children (p Ͻ 0.05 for all comparisons).
Ratios between Ang-(1-7) and Ang I levels and between Ang II and Ang I in all groups studied are displayed in Fig. 2 . The Ang-(1-7)/Ang I ratio was significantly increased in ESRD subjects (1.27 Ϯ 0.61) in comparison to other groups in which the results were similar (control: 0.80 Ϯ 0.61; normotensive CRF: 0.74 Ϯ 0.32; and hypertensive CRF: 0.86 Ϯ 0.22, Fig. 2) . However, the Ang II/Ang I ratio was significantly reduced in ESRD (0.35 Ϯ 0.28) when compared with all other groups (control: 0.90 Ϯ 0.39; normotensive CRF: 0.87 Ϯ 0.39; and hypertensive CRF: 0.60 Ϯ 0.46, Fig. 2 ). Although higher than in ESRD subjects, the Ang II/Ang I ratio in hypertensive CRF subjects was significantly lower than in normotensive CRF and healthy subjects.
As mentioned above, only 3 of the 21 ESRD subjects did not require antihypertensive medications. PRA [0.8 Ϯ 0.1 vs. 1-7) and Ang I plasma levels (black bars) and between Ang II and Ang I plasma levels (white bars) in normotensive healthy children (control) (n ϭ 32), normotensive chronic renal failure (CRF) (n ϭ 23), hypertensive CRF (n ϭ 34), and end-stage renal disease (ESRD) (n ϭ 21) subjects. Data are expressed as means Ϯ SD *p Ͻ 0.05 compared with normotensive control subjects and † p Ͻ 0.05 for comparison between ESRD subjects with other groups, using ANOVA followed by the NewmanKeuls test. 736 all comparisons). Ang II levels were slightly but not significantly reduced in these subjects when compared with hypertensive ESRD subjects (89.3 Ϯ 9.7 vs. 117.2 Ϯ 25.6 pg/mL). However, these three normotensive ESRD subjects presented a significant elevation of PRA and angiotensin levels when compared with healthy subjects and normotensive CRF subjects (p Ͻ 0.05).
RAS profile in the presence or absence of ACE inhibition. Data from hypertensive CRF and ESRD subjects were divided according to chronic use or nonuse of ACE inhibition to evaluate the influence of pharmacological RAS blockade on circulating Ang levels.
As shown in Table 2 , chronic treatment with ACEi in hypertensive CRF subjects increased PRA, Ang I and Ang-(1-7) levels and decreased circulating Ang II as compared with subjects who did not receive ACEi (p Ͻ 0.05 for all comparisons). However, although reduced, circulating levels of Ang II remained approximately 2.4-fold higher than mean values of healthy subjects and normotensive CRF subjects (p Ͻ 0.05 for both comparisons).
Results obtained with ESRD subjects were even more impressive, as the blockade of ACE was unable to change plasma levels of Ang II (Table 2) , which continued to be 5-fold higher than control values. In contrast, chronic use of ACEi in ESRD subjects produced significant elevations of PRA, Ang I and Ang-(1-7) levels when compared with subjects not treated with ACEi (p Ͻ 0.05 for all comparisons). The percentage of increase in Ang-(1-7) levels (50%) was similar in ESRD and hypertensive CRF subjects.
It is noteworthy that hypertensive CRF subjects not receiving any kind of RAS blockade (Table 2 ) exhibited significantly higher levels of all RAS components than normotensive CRF and control subjects ( Table 1 ). The same result was obtained with ESRD subjects not treated with ACEi. Moreover, Ang-(1-7) levels (325.3 Ϯ 67.1) remained significantly elevated even when compared with the entire group of hypertensive CRF subjects.
DISCUSSION
The study clearly demonstrates different RAS profiles in childhood CRF, with marked increases of Ang-(1-7) in the presence of hypertension and ESRD. Hypertensive CRF subjects presented an overall RAS activation that significantly differed from normotensive CRF subjects with the same level of GFR. These data agree with previous studies that showed a significant elevation of PRA and Ang II levels in adults with hypertensive renal diseases (22, 23) .
However, plasma Ang-(1-7) levels had not been evaluated in childhood CRF until the present study. We detected a significant increase in this heptapeptide among hypertensive CRF children and an even more pronounced elevation among ESRD subjects. On the other hand, Ang-(1-7) levels were similar in normotensive CRF subjects and in healthy subjects, despite the significant difference in GFR. We have recently reported significant differences in Ang II and Ang-(1-7) plasma levels among pediatric subjects with renovascular disease and essential hypertension (18) . In renovascular disease, plasma levels of Ang II were higher than Ang-(1-7) and the surgical correction of renal artery stenosis produced a return of circulating angiotensins to healthy subject values. In contrast, essential hypertensive subjects exhibited a selective and blood-independent elevation of plasma Ang-(1-7) (18) . Taken together, our results show changes in the RAS profile according to differences in hypertensive states and the degree of renal dysfunction. These findings do not allow any mechanistic inferences on the precise meaning of Ang-(1-7) elevation, although some possibilities could be raised.
Firstly, we obviously cannot rule out the possibility that plasma Ang-(1-7) elevation was only caused by a significant reduction of renal excretion of the peptide in ESRD subjects. However, a comparison between circulating Ang II in ESRD subjects and hypertensive CRF subjects shows no significant differences, clearly contrasting with the results obtained for Ang- (1-7) . Thus, another attractive explanation is a disturbance in the metabolism of Ang-(1-7) among pediatric subjects with ESRD, resembling our previous data in childhood essential hypertension (18) . The increased ratio between Ang-(1-7) and Ang I plasma levels concomitant with the lower Ang II/Ang I ratio in these subjects when compared with other groups substantiates this possibility, suggesting that Ang-(1-7) could be the major RAS product in ESRD children. The metabolic pathways in these subjects remain unknown.
It should also be pointed out that Ang-(1-7) is present in the kidney at concentrations that are comparable to Ang II and also exerts complex renal effects (7,9,15,17,24 -26) . The diuretic/natriuretic action of Ang-(1-7) has been described in several in vitro and in vivo experimental models (9, 25) . On the other hand, our group and others have shown Ang-(1-7) to produce an antidiuretic/antinatriuretic effect (27) (28) (29) (30) (31) (32) . Differences between species, local and systemic concentrations of Ang-(1-7), nephron segment, level of RAS activation and sodium and water status may be responsible for the discrepancy in results concerning the renal effects of Ang-(1-7) (9,15,24 -26) . We must consider the probability that changes in plasma volume and osmolality interfered with the state of RAS activation and thus contributed toward different levels of circulating angiotensins in our subjects, especially in the ESRD group. We also obtained a preliminary evaluation of RAS metabolism through a comparison of Ang peptides in the presence or absence of ACE inhibition. Treatment with ACEi produced diverse patterns of plasma angiotensins in hypertensive CRF and ESRD subjects. Our data are in agreement with the plasma and urinary elevation of Ang-(1-7) observed in hypertensive rats treated with lisinopril (33) and in essential hypertensive adults receiving captopril (34) . In hypertensive CRF subjects, ACE inhibition partially reduced Ang II levels, though they remained two times higher than the control values. In ESRD subjects, however, treatment with ACEi did not change Ang II levels, which continued to be five times greater than the control values. In contrast, circulating Ang-(1-7) was similarly increased with ACE inhibition in both groups. The clinical relevance of these findings is as yet unclear. However, the fact that ACE inhibition was unable to produce a complete blockade of Ang II formation speaks to the possibility that the harmful effects of Ang II on the kidney, heart and blood vessels (3,4) remain uncontrolled under ACE inhibition. Accordingly, the double blockade of RAS with the concomitant administration of ACEi and AT 1 receptor blockers can minimize or even overcome the escape observed with the singlesite blockade (35) . Indeed, Ang-(1-7) is significantly increased with both types of RAS blockade (8, 9, 16, 17) , suggesting a role in the double blockade mechanisms (17, 35) . The antihypertensive response to ACEi in animal models was reduced by 30 -40% when Ang-(1-7) synthesis was prevented (33) . In keeping with these observations, we can hypothesize that an alteration to the RAS metabolism or Ang-(1-7) activity may contribute toward the evolution of hypertension and human renal diseases.
We are aware of the limitations associated with the crosssectional design of our study. The main possible weakness was the use of a convenience sample, which makes homogeneity among the selected groups very difficult to obtain. Thus, there were significant differences in the primary diagnosis and medication exposure between the CRF and ESRD populations. Nevertheless, some aspects of the study may increase the strength of our findings, such as the utilization of strictly defined inclusion and exclusion criteria and the wellestablished protocol for the measurements of PRA and angiotensins (18) .
In summary, we have shown different circulating RAS profiles in CRF subjects as preliminary evidence for the role of Ang-(1-7) in hypertension associated with kidney disease and in ESRD. Although, it is as yet unknown if the elevation of Ang-(1-7) occurs as a compensatory mechanism that opposes the harmful renal and cardiovascular effects of Ang II; or whether, due to a major unbalance in the RAS metabolism, Ang-(1-7) at supra physiologic concentrations could act as a mediator of renal dysfunction. Further studies are obviously needed to clarify these possibilities.
